Human rhinoviruses were imaged under physiological conditions by dynamic force microscopy. Topographical images revealed various polygonal areas on the surfaces of the 30-nm viral particles. RNA release was initiated by exposure to a low-pH buffer. The lengths of the RNAs that were released but still connected to the virus capsid varied between 40 and 330 nm, whereas RNA molecules that were completely released from the virus were observed with lengths up to 1 m. Fork-like structure elements with 30-nm extensions were sometimes resolved at one end of the RNA molecules. They possibly correspond to the characteristic multistem-loop conformation, the internal ribosomal entry site, located at the 5 region of the genome. This study demonstrates that dynamic force microscopy can be used to study viral RNA release in situ under physiological conditions.
Human rhinoviruses (HRVs) are a main cause of common cold infections. They are small icosahedral particles with an RNA genome enclosed within the protein capsid. The virion is composed of 60 copies each of four viral coat proteins (VP1 through VP4) arranged on an icosahedral lattice (21) . The 102 HRV serotypes have a protein shell, with three capsid proteins exposed at the surface and one capsid protein (VP4) in intimate contact with the genomic viral RNA (for a review on human rhinoviruses, see reference 22) . After binding to the cell surface and internalization via receptor-mediated endocytosis, the RNA is released from the virion in endosomes and is subsequently delivered to the cytosol by a poorly understood mechanism. For the minor group of HRVs, this process is catalyzed by the low endosomal pH (20) . The HRV genome is an RNA molecule of about 7,100 nucleotides with positive (messenger sense) polarity; it carries a covalently linked small protein (VpG) at its 5Ј end and poly(A) at its 3Ј end. The 5Ј nontranslated region is about 500 bases long and is highly structured (11) . It is unknown whether VpG is somehow involved in RNA release or if it imparts any directionality on the process.
Cryo-electron microscopy images of empty capsids showed that, upon uncoating, the star-shaped dome at the fivefold axis undergoes an iris-like movement, thereby opening a pore large enough to allow transit of the RNA (8) . However, for HRVs, RNAs in the process of exiting have never been observed. We thus asked whether the viral RNAs could be imaged under physiological conditions by atomic force microscopy (AFM) during the process of extrusion.
AFM (1) is a powerful tool for the investigation of biological processes at the single-molecule level in a native environment (2) . AFM was successfully used to investigate the morphologies of different viruses under physiological conditions (16) and to monitor RNA release from tobacco mosaic virus (3). However, in the latter study, all images of RNA and viruses were acquired with dried samples.
Different AFM modes can be used for imaging biological samples under physiological conditions. Topographical imaging was mainly achieved by contact-mode AFM, in which the cantilever is in touch with the sample incessantly during scanning (18) . However, contact-mode imaging turned out to be less suitable for weakly attached samples, because biomolecules are often pushed away by the AFM stylus during scanning (12) . To overcome this disadvantage, dynamic force microscopy (DFM) methods such as tapping-mode AFM, and more recently, magnetic AC mode AFM (MACmode AFM) (5) have been used for imaging soft and weakly attached biological samples (14, 17) . For DFM, the cantilever oscillates and touches the sample only intermittently at the end of its downward movement, which reduces the contact time and minimizes friction forces. An alternating magnetic field drives the oscillation of a magnetically coated cantilever for MACmode AFM, whereas acoustic excitation is used for tapping-mode AFM. For this study, we used MACmode AFM to investigate the release of genomic RNA molecules from single HRV type 2 (HRV2) particles under physiological conditions.
MATERIALS AND METHODS

Materials.
Mica was obtained from Groepl, Tulln, Austria. All chemicals (e.g., buffer salts) were purchased from Merck, Darmstadt, Germany. RNase A (7,000 U/ml) was obtained from Qiagen, Vienna, Austria.
HRV2 immobilization. HRV2, originally obtained from the American Type Culture Collection, was prepared in HeLa-H1 cells grown in suspension culture and was purified by sucrose density gradient centrifugation essentially as described previously (10) . Ten microliters of ϳ1-mg/ml HRV2 in a buffer containing 50 mM Tris-HCl and 5 mM NiCl 2 (pH 7.6) was deposited onto freshly cleaved mica for 15 min, resulting in a densely packed HRV2 monolayer. Less coverage of the surface was obtained by reducing the HRV2 concentration.
Unattached viruses were removed by washing the monolayer three times with the same buffer.
AFM imaging. Topographical images were acquired with a magnetically driven dynamic force microscope (MACmode PicoSPM; Molecular Imaging, Tempe, Ariz.) and magnetically coated MacLevers (Molecular Imaging) in a commercial fluid cell. The lateral scan frequency of 1.3 Hz resulted in a total recording time of 7 min per image. All images shown represent raw data of height images, without filtering. The nominal spring constant of the cantilever was 0.1 N/m. For gentle imaging, the peak-to-peak oscillation amplitude was set to 5 nm at a 7-kHz oscillation frequency. The feedback loop was adjusted to 20% amplitude reduction in order to obtain stable images.
Induction of RNA release and characterization of RNA. After HRV2 was immobilized at a low coverage on mica, the pH in the liquid cell was reduced to 4.1. After 2 h, it was readjusted to pH 7.6 by replacement of the liquid with the original buffer, and images were acquired. Control incubations were done in the presence of RNase A at a final concentration of 0.5 mg/ml, resulting in a complete disappearance of the RNA molecules.
RESULTS AND DISCUSSION
Topography imaging of HRV2. A prerequisite for obtaining high-quality AFM images of biological samples is the tight immobilization of the specimen to a flat surface. Physical adsorption from a solution onto mica, a highly hydrophilic aluminosilicate, was used in all the experiments described here. By using bivalent cations as a bridge between the negatively charged mica and the virus, we obtained stable binding. Several bivalent cations, such as Mg 2ϩ , Ni 2ϩ , and Co 2ϩ , were tested. Ni 2ϩ , at 5 mM in 50 mM Tris-HCl (pH 7.6), yielded the most stable images of the adsorbed viruses. Repeated imaging over many hours showed no damage or displacement of the sample; this indicates that the viruses were tightly bound to the mica surface. In addition to carefully selected buffer conditions, the image parameters were of special importance. Small oscillation amplitudes of the cantilever (5 nm), together with a minimal amplitude reduction (20%), resulted in a minimal energy input during imaging, thus preventing disruption of the sample and allowing stable imaging of the viruses (13) . Figure 1A shows regularly arranged viruses in a densely packed monolayer. An almost complete coverage of HRV2 on mica was obtained. The height of the virus layer determined from the cross-sectional profile, using an uncovered spot on mica as a reference, was 31 Ϯ 3 nm (Fig. 1B) , which agrees very well with values derived from X-ray and electron cryomicroscopy measurements (9, 25) . The high-magnification image in Fig. 1C shows the tight packing of regularly arranged viruses. The close apposition of the virions appears to result in some structural deformation, indicating that the immobilization onto mica together with lateral packing forces of the monolayer can lead to local distortions of the virus capsids. A regularly spaced pattern was observed on almost all viral particles, which might reflect the known protrusions on the surface of the viral capsid.
The surface coverage was reduced by decreasing the virus concentration in the immobilization buffer and leaving the other adsorption conditions unchanged. Individual virions at a low coverage appeared as undeformed particles of 30 nm in height (Fig. 1D) , indicating that the lateral forces acting in the densely packed layer, not the force applied by the AFM tip during imaging, were solely responsible for the observed deformation. Virus capsids did not appear strictly globular in shape, but rather the projection of the particles exhibited some straight borders akin to their polygonal surface features that were also observed by electron cryomicroscopy (25) . Independent of the surface coverage of virions on mica, virus particles were stably imaged without any cantilever-induced movement over hours.
Monitoring the release of viral genomic RNA. The release of RNA from the HRV2 capsid is triggered in vivo by the low-pH environment (pHs of Ͻ5.6) in endosomal carrier vesicles and late endosomes (20) . This process was also studied in vitro by the exposure of isolated virions to a low-pH environment (15) . In order to induce the process of RNA release, HRV2 bound to mica ( Fig. 2A ) was exposed to a pH of 4.1 for 2 h. Images were then taken again to investigate eventual changes in viral morphology. Indeed, single short RNA molecules were frequently observed (Fig. 2B, arrows) , with a height of about 1 nm. They were either disparate from the virus or still connected to it. Apparently, the latter molecules had not entirely left the viral shell and were thus viewed directly during the process of extrusion. No such RNA molecules were observed when the sample was imaged immediately after the cell buffer had been replaced with the low-pH buffer.
Snapshot images of RNA molecules during extrusion are shown in Fig. 3 , with smaller scan areas. Single virions at different stages of RNA release were observed. Virus capsids appeared with heights of 25 to 35 nm, and the heights of the RNA molecules varied between 1 and 1.5 nm, which is in quite good agreement with the reported height of RNA measured by tapping-mode AFM (6) . In contrast, the horizontal dimensions of objects were always overestimated due to the well-known tip-convolution effect in AFM images (23, 24) . Accordingly, the observed lateral dimension of an object with a diameter of, e.g., 1.5 nm (as for RNA) will result in an image of 11 nm (based on a radius of the AFM tip of 20 nm). This corresponds well to the average diameter of RNA observed for this study, which was ϳ10 nm. Due to this effect, the lateral diameters of single objects always appear larger than is in fact the case; nevertheless, the vertical dimension is not influenced by the finite tip apex. Therefore, for roughly spherical particles such as icosahedral viruses, the vertical heights of the particles give remarkably accurate values for their true diameters.
RNA molecules in the process of extrusion were either in a straight conformation (Fig. 3B and C) or in a bent conformation ( Fig. 3A and D) . The fact that single-stranded RNA molecules can appear both as bent molecules and as straight molecules is corroborated by investigations of isolated RNAs (6). The pH of the buffer was changed to 4.1 and maintained for 2 h. Images were acquired again at pH 7.6. Virus particles are observed together with RNA molecules (arrows), either separated from the virus capsid or still connected. The scan size was 900 nm.
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The distribution of the lengths of RNA molecules still connected to the virus capsids was analyzed, as shown in Fig. 3E . Their lengths ranged from 40 to 330 nm, with a pronounced frequency of occurrence between 40 and 100 nm. All RNAs observed in this study appeared either as straight filamentous molecules or as bent molecules, with both types lacking secondary structure.
In order to demonstrate that the fibers protruding from the virus capsids were indeed RNA molecules, RNase A was gently injected into the liquid cell of the AFM. A comparison of the images prior to (Fig. 4A and C) and after ( Fig. 4B and D ) injection of the enzyme shows that the fibers disappeared upon enzymatic treatment (arrows). This unambiguously identifies the elongated structures as RNA molecules. This result was achieved with both partially (Fig. 4A and B) and completely ( Fig. 4C and D) released RNA. Since the degradation of the RNA was faster than the time needed to acquire an AFM image, we were not able to monitor the enzymatic digestion of RNA in a time-resolved manner. In order to show that the disappearance of the fibers was indeed caused by the RNase, images of the sample were acquired at 0, 20, and 40 min without RNase injection. As shown in Fig. 4E , these images were identical, thus excluding the possibility that the fibers might have been removed by mechanical shearing.
In those cases in which the RNA was completely separated from the virus capsid, and therefore released in its entirety, a fork-like structure was occasionally seen at one end of the molecule (Fig. 5A and B) . This branch extended about 30 nm and was only seen on RNA molecules that were not connected to the virus capsid. The most prominent structural element of the RNA genome is the internal ribosome entry site (IRES) at the 5Ј end. It has a characteristic cloverleaf structure with at least five larger stem-loops (11) and is involved in the initiation of polyprotein synthesis. The largest stem-loop, domain IV of the IRES, comprises roughly 80 bp. Assuming a length of 0.3 nm/bp (4, 7), it is expected to be on the order of 24 nm, which corresponds well to the length of the fork-like structure seen here. We therefore suggest that these structures in our images may correspond to the characteristic structural elements located at the 5Ј terminus of the RNA genome.
Because of the genome size of 7,100 nucleotides, a contour length of roughly 2 m is expected for entirely released and extended RNA. However, the contour length of totally released RNA molecules, as shown in Fig. 5A and B, is only ϳ200 nm. The differences in the observed and expected lengths may be attributed to the fact that the experiments were performed in a buffer solution without RNase inhibitor; hence, the degradation of the RNA certainly occurs. In contrast, longer RNA molecules, with lengths of ϳ1 m, were observed when the RNAs were tightly packed on mica; the high local concentration of the RNAs most likely prevents degradation (Fig. 5C ). In this case, the RNA forms a densely packed layer of 1.5 nm in height in which single observable RNA molecules appear only occasionally (Fig. 5C, arrow) . However, due to the close apposition of the RNA molecules in those images, no secondary structure elements could be observed.
Conclusion. Topographical images of the HRV capsid were obtained routinely. The achieved resolution was only half of the resolution of electron cryomicroscopy (19) ; however, whereas the latter method requires the sample to be frozen in amorphous ice, the AFM measurements were carried out under physiological conditions, i.e., at room temperature and in a buffer solution. Induced by a low-pH environment, single RNA molecules were released from the virions, and snapshot images of this process were acquired. In those cases for which the RNA was still attached to the virus capsid, no secondary structure elements were seen. In contrast, RNA molecules released in their entirety showed fork-like structures, presumably corresponding to the 5Ј IRES, at one end of the RNA. Since the fork-like structures were not observed on partially released RNAs, the data suggest that the viral genome is released with the 3Ј end leaving the capsid first. This study shows the potential value of DFM for obtaining new insights into the molecular mechanism and dynamics of viral uncoating and RNA release.
